The kinetics of a series of Glu-plasminogen ligand-binding processes were investigated at pH 7.8 and 25°C (in 0.1 MNaCi). The ligands include compounds analogous to C-terminal lysine residues and to normal lysine residues. Changes of the Glu-plasminogen protein fluorescence were measured in a stopped-flow instrument as a function of time after rapid mixing of Glu-plasminogen and ligand at various concentrations. Large positive fluorescence changes (-10 %) accompany the ligand-induced conformational changes of Glu-plasminogen resulting from binding at weak lysine-binding sites. Detailed studies of the concentration-dependencies of the equilibrium signals and the rate constants of the process induced by various ligands showed the conformational change to involve two sites in a concerted positive co-operative process with three steps: (i) binding of a ligand at a very weak lysine-binding site that preferentially, but not exclusively, binds C-terminal-type lysine ligands, (ii) the rate-determining actual-conformational-change step and (iii) binding of one more lysine ligand at a second weak lysine-binding site that then binds the ligand more tightly. Further, totally independent initial small negative fluorescence changes (-2-4 %) corresponding to binding at the strong lysine-binding site of kringle 1 [Sottrup-Jensen, Claeys, Zajdel, Petersen & Magnusson (1978) Prog. Chem. Fibrinolysis Thrombolysis 3, 191-209] were observed for the C-terminal-type ligands. The finding that the conformational change in Gluplasminogen involves two weak lysine-binding sites indicates that the effect cannot be assigned to any single kringle and that the problem of whether kringle 4 or kringle 5 is responsible for the process resolves itself. Probably kringle 4 and 5 are both participating. The involvement of two lysine binding-sites further makes the high specificity of Glu-plasminogen effectors more conceivable.
INTRODUCTION
Native human Glu-plasminogen is the precursor of the fibrinolytic enzyme plasmin (EC 3.4.21.7). Glu-plasminogen contains five homologous triple-loop kringle domains (KI-K5), some of which possess lysine-binding sites (LBS) [1] . LBSs have specifically been identified and characterized in KI, K4 and K5 [2] [3] [4] [5] [6] [7] [8] [9] [10] . On the basis of their affinities to the classical antifibrinolytic amino acids, two to three classes of LBSs have been defined [11] [12] [13] [14] . High-affinity or strong LBS are found in isolated KI and K4 [4, 6, 9, 10] , but that of K4 apparently is hidden in intact Glu-plasminogen [5] . The LBS of K5 is a lowaffinity or weak LBS, which is called the 'AH-site', since it binds the aminohexyl function of lysine and does not require a free carboxylate function [7, 14] .
Interactions at the LBSs are generally accepted to be important in the regulation of the fibrinolytic system [13, 14] , particularly the gross conformational change in Glu-plasminogen mediated by ligand binding to weak LBS, where apparently the AH-site [12, [14] [15] [16] [17] [18] [19] plays an important role. Fibrin and other effectors of Glu-plasminogen activation presumably exert their effects by inducing a change in the conformation and thereby making Gluplasminogen more susceptible to the plasminogen-activating enzymes urokinase and tissue plasminogen activator [20] [21] [22] [23] [24] [25] [26] . Apparently, the role of the strong LBS of KI is primarily to mediate interactions with a2-antiplasmin [14, 27] .
In order to elucidate these important physiological processes further we undertook stopped-flow fluorescence kinetic studies of the Glu-plasminogen ligand-binding processes. We have investigated a series of LBS ligands and here report that the ligand-induced Glu-plasminogen conformational change involves binding at two weak LBSs. The reaction is an allosteric positive co-operative process that follows a classical regulatory mechanism. The results resolve the conflicting views as to whether K4 [5] or K5 [7, 14, 19] is responsible. It is our conclusion that, since two weak LBSs are involved, those of K4 and K5 are probably both participating.
MATERIALS AND METHODS

Reagents
Lysine-Sepharose 4B and aminohexyl (AH)-Sepharose 4B was obtained from Pharmacia (Uppsala, Sweden), 6-aminohexanoic acid (6-AHA) from Fluka (Buchs, Switzerland), and a-N-acetyl-L-lysine methyl ester (Ac-Lys-OMe), ct-N-acetyl-L-lysinamide (Ac-Lys-NH2) and a-N-acetyl-L-lysine (Ac-Lys) were from Bachem (Bubendorf, Switzerland). trans-4-Aminomethylcyclohexanecarboxylic acid (t-AMCHA) was kindly provided as a gift from Kabi (Stockholm, Sweden), and Aprotinin (Trasylol) was from Bayer (Leverkusen, Germany). All other chemicals were analytical grade either from Fluka (Buchs, Switzerland) or Merck (Darmstadt, Germany).
Human Glu-plasminogen was prepared essentially as described in [28] from frozen human plasma kindly provided as a gift from Novo Nordisk A/S (Copenhagen, Denmark). It was separated from minor amounts of partially degraded plasminogen on AHSepharose 4B as in [29] . Glu-plasminogen was stored in 0.05 MTris/HCl/0. 10 M-NaCl, pH 7.8, at -20 'C. The concentration of Glu-plasminogen was determined from absorbance measurements by using an AIj% value of 16.2 [30] .
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Stopped-flow kinetic experiments
Kinetic experiments were performed in a Hi-Tech Scientific PQ/SF-53 spectrofluorimeter equipped with a high-intensity xenon arc lamp and a fluorescence-enhancement device. The excitation wavelength was 280 nm, and the slit width was 5 mm. Light emitted from the reaction mixtures passed through a WG 320 filter before reaching the photomultiplier. A series of stopped-flow experiments were performed at 25°C in 50 mmTris/HCl/0.1 m-NaCl, pH 7.8. After mixing the Glu-plasminogen (1.5 UM final concn.) and the ligand the intrinsic protein fluorescence intensity (arbitrary units, V) was recorded for 200 ms.
Final concentrations of the ligand were: t-AMCHA (0, 0.5, 1, 5, 10, 50, 100, 375, 500 and 750 FMi, and 1, 1.25, 1.5, 2.5, 5, 12.5, 25, 50 and 100 itm); 6-AHA (0, 20, 50, 100, 300 and 500 #m, and Mixing was achieved in less than 1 ms. In each experiment 400 pairs of data were recorded, and sets of data from five or six experiments under identical conditions were averaged. Each averaged set of stopped-flow data were then fitted to a number of non-linear analytical equations using the Hi-Tech HS-1 Data Pro software. The regression analysis used was based on the Gauss-Newton procedure.
RESULTS
Conformational change of Glu-plasminogen Fig. 1 shows the time course of a typical stopped-flow experiment measuring the large positive intrinsic protein fluorescence change obtained after mixing of Glu-plasminogen and t-AMCHA at concentrations known to induce a conformational change in Glu-plasminogen [15] [16] [17] [18] . The fitted curve illustrated is the one corresponding to a single exponential progress (eqn. 1): Appendix for derivation of the equations). Fig. 3 shows the result of fitting the expression to the kobs data. It is noteworthy that kobs goes through a minimum and saturates, as predicted by the model in Scheme 1. This is perhaps best seen from the inset to Fig. 3 , which is a scale-up of the first part of the curve. The reaction model of Scheme 1 thus nicely accounts for the result of the Hill analysis and of the kobs data, whereas more simple models involving only one ligand, and also three-step models with other sequences of events, are inconsistent with the data (see the Appendix). The values obtained of the kinetic parameters of the t-AMCHA-Glu-plasminogen interaction are given in Table 1 . . Inset (ii) shows the corresponding Hill plot; y is fractional saturation (see Fig. 6 ). [ (2) Ac-Lys, Ac-Lys-OMe and Ac-Lys-NH2
It is well known that the classical LBS ligands, t-AMCHA and 6-AHA, are able to induce a conformational change in Gluplasminogen, but it is not known whether or not other ligands, such as Ac-Lys, Ac-Lys-OMe and Ac-Lys-NH2, which are expected to bind to the weak LBS of Glu-plasminogen, also induce the conformational change. Our results show that they do. Fig. 6(a) shows the Hill analyses of the AF([L],oo) data of Glu-plasminogen with each of the three ligands, and Fig. 6(b Table 1 . illustrated in Fig. 7 and the dissociation constants obtained for the strong LBS interactions are given in Table 2 . Table 1 .
DISCUSSION
In the present work the kinetics of the formation of complexes of Glu-plasminogen with LBS ligands were studied using measurements of changes of the intrinsic protein fluorescence of Glu-plasminogen after rapid mixing in a stopped-flow instrument. Particular attention was paid to the ligand-induced conformational change of Glu-plasminogen known to occur when certain ligands bind to its weak LBSs [12, , one of which is the AH-site of the miniplasminogen part of the molecule [14] . The compounds studied were: t-AMCHA, 6-AHA, Ac-Lys, Ac-LysO-Me and Ac-Lys-NH2. This series was chosen with the aim of comparing the mechanisms of reactions and the reactivities of ligands analogous to C-terminal lysine residues with those of ligands analogous to normal lysine residues of proteins. Both types of ligands apparently are important in fibrinolysis [7,14,3 1] .
Reaction mechanism of the conformational change
Detailed studies of the ligand-induced conformational change of Glu-plasminogen were performed. The results show that the process is a concerted reaction that, in addition to the actual conformational change, involves binding of the ligand not at one, but at two, weak LBSs of Glu-plasminogen (Table l) . This is an interesting new finding, namely that the conformational change of Glu-plasminogen involves binding of ligands at two weak sites in a positive co-operative process (Figs. 2, 4 and 6) . It is noteworthy, furthermore, that all of the ligands studied are able to provoke the change and that the reaction mechanism (Scheme 1) apparently (Figs. 3, 5 and 6) is the same for all the ligands: (i) binding at one particular very weak LBS triggering (ii) the change of the Glu-plasminogen conformation, resulting in the opening of another weak LBS, which (iii) binds a ligand more tightly than the first one (Scheme 1 and Table 1 ). This is a co-operative mechanism, and the physiological importance of such mechanisms is to obtain regulation of a process within a narrow range of concentrations of the ligand involved, e.g. as in the classical oxygen-haemoglobin binding curve. A simple binding curve changes the degree of saturation over a far greater range of concentrations. The conformational change of Gluplasminogen, which is important for its rate of activation into plasmin [22] [23] [24] [25] [26] , then can be turned on and off with small changes of the concentration of the appropriate ligand. Fig. 7. t (Litt.), literature values.
Ligand specificity
The ligands studied here show no differences in their mechanisms of inducing Glu-plasminogen conformational changes. Both types, namely those analogous to C-terminal lysine residues and those analogous to normal lysine residue in proteins, induce the effect, but their reactivities differ. The values of the overall equilibrium constants, Kj[= (K.KK )2; Table 1 ], evidently show specificity in the order: t-AMCHA > 6-AHA > Ac-Lys > Ac-Lys-OMe > Ac-Lys-NH2 Thus some more general principles emerge regarding the features that are important for ligand-induced Glu-plasminogen conformational change. To bind each of the two weak LBSs it seems ideal if the ligand contains a formed structural unit with two lysine residues suitably placed to be held in the proper orientation to the Glu-plasminogen-binding sites. The reaction with such a performed 'dimer' should be favoured over that with two 'monomers'. Further, it seems advantageous if at least one of the lysine residues is C-terminal. This explains some of the known features of Glu-plasminogen interactions. Fibrin, fibrin fragments, particularly partially plasmin-cleaved fragments with
Vol. 285 C-terminal lysine residues, and polylysines, are known to interact with Glu-plasminogen and effect its rate of activation [10, 13, 21, 25, 26, [31] [32] [33] . Such effects are not exerted by proteins in general, although most proteins contain several externally placed lysine side chains. It seems highly likely that polylysine can provide a pair of suitably placed lysine residues, one of which is a C-terminal lysine residue, whereas proteins in general cannot. The specific interactions of fibrin and fibrin fragments with Gluplasminogen probably also reflect the presence of certain lysine pairs placed in proper orientation in these molecules. The interaction of Glu-plasminogen with AH-Sepharose is another example.
Other LBSs
The results discussed above show that ligand-induced conformational changes of Glu-plasminogen involves two weak LBSs. Independent binding at a strong LBS, giving rise to small, but significant, negative changes of the fluorescence, was also observed for all of the ligands, except for Ac-Lys-OMe (Fig. 7) .
The dissociation constants (Ko values) obtained for t-AMCHA and 6-AHA correlate well with those reported previously of the Glu-plasminogen LBS, which has been assigned to KI [4] [5] [6] 9, 12, 18] . Binding at this site was achieved within the dead time of the stopped-flow instrument (< 1 ms) and is apparently a simple fast 1 :1 complexation. The small fluorescence signal is probably due to perturbations of Trp-62 and/or Tyr-72 of KI [35] ; no change of the Glu-plasminogen conformation occurs at these low concentrations of the ligands.
Our results indicate that the strong LBS is indeed specifically interacting with C-terminal lysine residues, as suggested previously [14, 32] , since there is a total lack of reaction with Ac-LysOMe. On the other hand, interaction with Ac-Lys-NH2 does occur, but the binding of this compound is very weak.
Role of LBSs
As suggested previously, the weak LBSs of Glu-plasminogen, probably are very important to consider if we want to understand the regulation of fibrinolysis [14] . The finding that two such sites are allosterically involved in the ligand-induced conformational change of Glu-plasminogen may resolve the apparently -4 La.o conflicting previous results on which of the kringles participates: the LBS of K4 [5] or the AH-site of K5 [14] . The two weak LBSs of K4 and K5 are probably both involved. However, Gluplasminogen also contains a strong LBS in KI, saturation of which abolishes binding of a2-antiplasmin [27] and of histidinerich glycoprotein [34] , but does not induce the conformational change that seems to be important in determining the rate of Glu-plasminogen activation [22] [23] [24] [25] [26] The change of fluorescence observed as a function of time, t, is given by:
In conditions of fast equilibrium in steps (i) and (iii) compared with that of the conformational-change step (ii), eqns. (i) and (iii) are obeyed in the observed course of the reaction, so that, from eqn. (5) (16) = f(L2, L) PL Lf + P*LaLfl.
Where fast equilibration in the ligand-association steps is assumed. The conformational change step is:
PL.L f6 P*L Lp and its rate: d(P*LaLf8)t = k (PL L8)t-kr(P*L.Lp)t dt f~r~f)
which, when PLLp is substituted using eqn. (16) P-itP* (22) which is initially in an equilibrium, but perturbed when ligand is added and P*L complexes are formed. The rate of establishing the new equilibrium is given by:
dPt k P k P* -dt f t r t (23) which, by analogy to the derivation under (a), leads to: kObS = kf +kr/(l + L/K) (1 +L/KL) (24) It is thus found that neither of the models, (a) or (b), are compatible with the results observed and presented in Figs. 3, 5 and 6.
